We report here a novel action of GABAergic synapses in regulating tonic firing in the mammalian brain. By using gramicidin-perforated patch recording in rat brain slices, we show that cells of the medial habenula of the epithalamus generate tonic firing in basal conditions. The The GABA A excitation is often followed by a slow inhibition mediated by GABA B receptors that suppresses tonic firing. Interestingly, in a subpopulation of the cells, the GABA B inhibition exhibits a remarkably low threshold for synaptic activation in that low-strength GABAergic input often activates selectively the GABA B slow inhibition, whereas the GABA A excitation requires further increases in stimulus strength. Our study demonstrates that the dual activation of GABAergic excitation and inhibition through GABA A and GABA B receptors generates distinct temporal patterns of cell firing that alter the cellular output in an activity-dependent manner.
Introduction
In the adult mammalian brain, GABAergic synapses typically inhibit postsynaptic target cells by activating mainly GABA A and GABA B receptors (GABA A -and GABA B Rs) (Curtis et al, 1970; Hill and Bowery, 1981; Dutar and Nicoll, 1988a) . The GABA A Rs generate a fast hyperpolarization of postsynaptic cells by increasing Cl -conductance (Curtis et al, 1970; Allen et al, 1977; Gray and Johnston, 1985) . This GABA A receptor-mediated inhibition (GABA A inhibition) composes the fundamental -and oftentimes the sole-form of GABAergic inhibition in response to low-strength activation of GABAergic input. The GABA B Rs, on the other hand, are generally activated in response to either high-frequency or large-intensity stimulation of GABAergic input (Miles and Wong, 1984; Isaacson et al, 1993; Buhl et al, 1994) . The activation of GABA B Rs produces a slowly rising and longer-lasting membrane hyperpolarization through increases in K + conductance (Hill and Bowery, 1981; Newberry and Nicoll, 1984; Gahwiler and Brown, 1985; Dutar and Nicoll, 1988b) . Such differences in the activation-threshold and timescale of the two types of GABAergic inhibition diversify the neurotransmitter action of GABA in regulating neural network activity. Moreover, the differential activation of GABA A -and GABA B Rs in an activitydependent manner often determines the pattern of neural network oscillations as shown, for instance, in the thalamus (Kim et al, 1995 (Kim et al, , 1997 Kim and McCormick 1988a, b) .
In contrast to the typical GABAergic inhibition above, a question has been raised recently as to whether GABAergic input under physiological conditions is also capable of generating an excitation of postsynaptic cells. Relevant to this question, it is noteworthy that certain electrical properties of the postsynaptic membrane were shown to exploit the otherwise typical GABAergic inhibition to promote action potential generation. For example, as most vividly illustrated in the thalamus and the inferior olive (Llinas and Yarom, 1981; Jahnsen and Llinas, 1984; Deschenes et al, 1984; Crunelli and Leresche, 1991) , the membrane hyperpolarization by GABAergic inhibition Page 3 of 39 5 presence of multiple channels of information flow from the limbic forebrain to the midbrain via the habenula. As a step toward understanding how the information flow from the limbic forebrain to the midbrain is regulated, we first examined how GABAergic synapses control the habenular output from the medial nucleus. Our study showed that these GABAergic synapses produce a fast excitation of postsynaptic cells that is often followed by a slow inhibition. These excitation and inhibition are mediated by GABA A and GABA B receptors, respectively, and produce a distinct regulation of tonic firings of habenular cells.
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For perforated patch recording, gramicidin (Sigma, St. Louis) was dissolved in dimethylsulfoxide (10 mg/ml). The gramicidin solution was then diluted to a final concentration of 5-10 µg/ml with internal solution composed of 140 mM potassium gluconate, 4 mM KCl, 10 mM HEPES, pH 7.2, 280 mOsm. When bumetanide -the sulfamoylbenzoic acid "loop" diuretics that inhibits the Na-K-Cl cotransporter-was tested for its effect on the GABA A reversal potential, KCl in the internal solution was increased to 40 mM while potassium gluconate was decreased to 104 mM. The liquid junction potential was calculated (15 and 12 mV, respectively, with the 4mM and 40 mM KCl internal solutions) and Vm corrected accordingly. Perforated patches developed steadily for 20-30 min after gigaseal formation. Typical series resistance was 20-30 M . Wholecell and perforated patch recordings were made using an Axoclamp 2B amplifier (Axon Instruments, Forest City, CA).
For extracellular recording, the patch pipette was filled with aCSF (3-5 M ). Single-unit extracellular signals were recorded with an Xcell-3 amplifier (FHC, Bowdoinham, ME), sampled at 20 kHz.
Synaptic stimulation
Stimulating electrode (tip diameter 10-15 µm) was fabricated from a theta glass capillary and filled with aCSF. To evoke synaptic potentials, a train of stimuli at 50-200 LA was delivered at 1-20 Hz every 60 s. Each stimulus was 100 Lsec in duration. In order to isolate the GABAergic response, all synaptic potentials were recorded in the presence of 20 µM CNQX, 100 µM DL-APV (selective blockers of AMAP/kainate and NMDA-subtype glutamate receptors, respectively), 1 LM LY 341495 (antagonist of group II metabotropic glutamate receptors), and 2 µM mecamylamine (antagonist of nicotinic cholinergic receptors).
Data analysis
Data were collected and analyzed using pClamp8 software via an analogue-to-digital converter (Digidata 1320, Axon Instruments). The data were presented as mean ± standard deviation. All differences stated in the text are statistically significant (paired t-test, P < 0.05).
Drugs
For bath application of LY 341495, CGP 55845 (Tocris, St Louis), and bumetanide (Sigma), they were initially dissolved in DMSO and then added to aCSF. The final concentration of DMSO was 0.01%. The bath infusion of 0.01% DMSO alone in aCSF did not alter the electrical and synaptic property of habenular cells. For bath application of CNQX, APV, bicuculline, and mecamylamine (Sigma), they were dissolved in aCSF.
GABA immunohistochemistry
Animals were perfused through the heart with 2% glutaraldehyde for 20 minutes. Brains were cut into 50-µm-thick sections with a Viratome 1000plus (Vibratome, St Louis). The sections were preincubated with 10 % normal goat serum in 10 mM phosphate buffered saline (pH 7.4) (PBS) for 1 hour to block nonspecific staining. Sections then were incubated overnight at room temperature in the primary GABA antibody (raised in rabbit; Chemicon, Temecula, CA) diluted 1:2,000-4,000 in PBS containing 1% normal goat serum. After rinse, sections were incubated in biotinylated anti-rabbit IgG (raised in goat) diluted 1: 200 (Vector, Burlingame, CA) for 1 hour.
After rinse, sections were incubated in the avidine and biotinylated HRP solution (Vectastatin elite ABC kit) and then were reacted with 0.05 % 3, 3-diaminobenzidine (DAB) in 0.1 M phosphate buffer (pH 7.2) in the presence of 0.001% hydrogen peroxide.
Result
Tonic firing of cells in the medial habenula.
All recordings were made from neurons in the ventral half of the medial habenula. By using extracellular and whole-cell patch recordings, we first examined the electrical property of the cells.
Medial habenular cells at rest generate tonic firing at frequencies of 0.5 to 12 Hz (5.0 ± 2.1 Hz; n= 30 cells) (Fig 1A) . The tonic firing continued in the presence of 20 LM CNQX and 100 LM DL-APV, the antagonists of AMPA/kainate-and NMDA-type glutamate receptors, respectively. This indicates that the tonic firing results from the intrinsic property of the cell membrane. To measure cell input resistance, we injected steady negative current at minimum amplitudes (5-10 pA) that suppressed tonic firing. Under this condition, a negative current pulse (10-20 pA, 300 msec) was In 10 cells recorded, a train of stimuli at 1-10 Hz (90-130 µA) produced both fast excitatory postsynaptic potentials (EPSPs) and a slowly rising inhibitory postsynaptic potential (IPSP). These two non-glutamatergic synaptic potentials exert a distinct effect on cell firing. The representative example is shown in Figure 1B . In this cell, synaptic stimulation at 4 Hz generated fast EPSPs, which were successful only sporadically to trigger action potentials. This sporadic action potential generation was due to the counterbalance of the EPSPs by a slow IPSP, as is detailed below in Interestingly, when we induced the rupture of the perforated membrane seal by applying gentle suction that converted the recording configuration to conventional whole-cell patch, the EPSPs were abolished rapidly within 5-15 seconds (Fig 1Bb, n= 10 cells) . The abolition of the EPSPs uncovered the slow IPSP in full that had countervailed the fast EPSPs and suppressed tonic firing. It is to be noted that the patch pipette solution for these experiments contained 4 mM Cl Indeed, in 14 cells tested, the block of GABA A Rs resulted in an abolition of the EPSPs. The representative case is illustrated in Figure 2 . In this cell, a train of stimulation generated a sequence of EPSPs and a slow IPSP. The effect of these antagonistic synaptic potentials on cell firing again varied with the frequency and strength of stimulation. For example, 10 Hz stimulation at 70 LA generated EPSPs of moderate size that only sporadically triggered action potentials probably due to the counterbalance by the slow IPSP (Fig 2a) . But, when stimulus intensity was increased to 90 µA, most stimuli generated large enough EPSPs that triggered action potentials, thus increasing firing rate to around 10 Hz during the stimulation. In addition, as shown in Figure 2b , the increase in stimulation rate to 20 Hz further potentiated every EPSP to trigger the action potential. These EPSPs were blocked 20-60 seconds after bath infusion of 20 µM bicuculline, the selective antagonist of GABA A Rs (Fig 2c) (n= 14 cells). The block of the EPSPs uncovered the slow IPSP that suppressed tonic firing. The slow IPSP was blocked by bath infusion of 1 µM CGP 55845, the selective antagonist of GABA B Rs (Fig 2d) (n=14 cells). Taken altogether, these observations indicate that the EPSPs were mediated by GABA A Rs, whereas the slow IPSP by GABA B Rs.
In 5 cells analyzed, individual GABA A EPSPs reached their peak amplitude with 3-10 msec (6.7±2.1, n= 50) after onset and exhibited a duration of 54.9±19.5 msec. In response to 5 stimuli at 10-20 Hz, the GABA B IPSP showed a rise time of 264±30 msec after onset with duration of 988±282 msec (n=30).
Cellular mechanism of GABA A excitation
To characterize the mechanism underlying the fast excitation mediated by GABA A Rs, we measured the reversal potential of the GABA A R-mediated synaptic response (GABA A reversal potential) (n= 10 cells).
For this study, the cell membrane was voltage-clamped at various levels from -75 mV in 15 mV increment (Fig 3) . At each holding potential, a train of GABAergic input produced fast synaptic currents followed by a slow outward current (Fig 3Aa) . The fast synaptic currents were inward in the entire subthreshold voltage range and were blocked by 20 LM bicuculline, indicating its production by GABA A Rs (Fig 3Ab) . The slow outward synaptic current was blocked by 1 µM CGP 55845, suggesting its generation by GABA B Rs (Fig 3Ac) . In 4 cells analyzed, the rise time of individual GABA A EPSCs was 4.8±0.9 msec and its duration was 32.2 ± 5.4 msec (n=40).
To measure the GABA A reversal potential, we plotted the fast GABA A synaptic current generated in response to the first stimulus of the train as a function of the holding potential (Fig   3Ad) . The GABA A reversal potentials measured in this manner (n= 3 cells) were not statistically different from those measured after GABA B Rs were selectively blocked by bath infusion of CGP (n= 7 cells), so they were pulled together. The GABA A reversal potential was in the range of -48 to -25 mV (-40±7 mV; n=10 cells). In these cells, the spike threshold estimated as the onset of the regenerative phase of the action potential was -48± 2 mV, suggesting that the GABA A reversal potential is more positive than spike threshold.
One possible explanation for such depolarized GABA A reversal potential is Cl (Kakazu et al, 1999; Russell, 2000; Jang et al, 2001 ). In 4 cells tested, bath infusion of 20 µM bumetanide, the selective blocker of NKCC, resulted in a hyperpolarizing shift of the GABA A reversal potential by 5 to 9 mV (7±2, p < 0.02) (Fig 3B) .
GABA B inhibition counterbalancing GABA A excitation
Our data so far showed that GABAergic input onto medial habenular cells generates a dual synaptic response of excitation and inhibition mediated by GABA A and GABA B Rs, respectively.
We show below that the relative strength of the GABA A excitation versus GABA B inhibition varies widely among different cells.
As illustrated above (Figs 1B, 2), in 59 % of cells analyzed (16 out of 27 cells), at least 3 out of the initial 5 stimuli at 5-20 Hz produced GABA A EPSPs that are potent enough to trigger action potentials. In the other 41 % of cells (11 out of 27), however, GABA B IPSP production was so prominent that it hyperpolarized the membrane markedly near to the K + equilibrium potential (-100 mV). In this manner, the GABA B IPSP effectively prevented all GABA A EPSPs except the first from reaching spike threshold. The representative case is shown in Figure 4A . In this cell, 5 stimuli were applied at 6 Hz (Fig 4Aa) . The first stimulus activated the EPSP that triggered the action potential, which was evident from the spike interval that was much shorter than those between spontaneous action potentials. The first stimulus also activated a prominent slow IPSP that hyperpolarized the membrane to -70--75 mV. The slow IPSP by the next stimuli further hyperpolarized the membrane to the peak (-95 -100 mV), suppressing not only the tonic firing but also countervailing the EPSPs. Bath infusion of 20 µM bicuculline selectively blocked the EPSPs, uncovering the slow IPSP in full (Fig 4Ab) . The slow IPSP was blocked by further infusion of 1 LM CGP55845 (Fig 4Ac) .
The GABA B slow IPSP to counteract the action potential generation by GABA A EPSPs is more vividly demonstrated by selectively blocking GABA B Rs (n=5 cells). The representative example is presented in Figure 4B . In this cell, a train of 3 stimuli at 7 Hz generated the slow IPSP that hyperpolarized the cell membrane to -100 mV, suppressing tonic firing (Fig 4Ba) . When the GABA B IPSP was blocked by 1 µM CGP 55845, the stimulation produced robust action potentials (Fig 4Bb) . This robust action potential generation was blocked by 20 LM bicuculline (Fig 4Bc) .
Interestingly, in 5 of those 11 cells above that generated prominent membrane hyperpolarization by the GABA B IPSP, the train of stimulation at near-minimal strengths resulted in a selective activation of the GABA B IPSP, whereas activation of GABA A EPSPs required further increases in stimulus strength. The representative case is shown in Figure 5 . In this cell, when a train of 15 stimuli was applied at 6 Hz in the current amplitude of 53 µA, the slow IPSP in response to the first 5 stimuli hyperpolarized the membrane to around -80 mV at peak (Fig 5Aa) . This peak hyperpolarization was maintained by the rest of the stimulation. No EPSP was activated in response to this low strength stimulation. When stimulus intensity was raised to 73 µA, it took only the first 3 stimuli to produce the slow IPSP that hyperpolarized the membrane to the peak at around -95 mV (Fig 5Ab) . This peak hyperpolarization was maintained by the rest of stimulation. In contrast to the stimulation at 53 µA, each stimulus at this increased intensity generated an EPSP.
The bath infusion of 20 µM bicuculline and 1 µM CGP 55845 blocked both EPSPs and slow IPSP, indicative of their generation by GABA A and GABA B Rs, respectively. This feature of selective activation of GABA B IPSP is further illustrated by the plot of how the amplitudes of GABA A EPSP and GABA B IPSP change depending on stimulus strength (Fig 5B) .
This selective activation of GABA B inhibition was also demonstrated by recording synaptic currents in the voltage-clamp mode (n= 3 cells). The representative case is shown in Figure 5C .
This cell was voltage-clamped at -70 mV. Two stimuli at 7 Hz in the current intensity of 60 µA produced only slow outward currents (Fig 5Ca) , whereas the increase in stimulus intensity to 80 µA produced both fast inward and slow outward currents (Fig 5Cb) . Bath infusion of 20 µM bicuculline and 1 µM CGP 55845 abolished altogether the inward and outward currents (Fig 5Cc) , confirming their generation by GABA A and GABA B Rs, respectively. The individual GABA B IPSCs reached the peak within 64 to 113 msec (89±24, n=4) after onset and decayed for the next 236 to 438 msec (312 ± 67).
Morphological correlates of GABAergic transmission in the habenula.
Our Nissl staining with cresyl violet showed that the medial habenula is densely packed with cells ( Fig 6A) . The strategic role of the habenula that connects the limbic forebrain to the midbrain neuromodulaory centers is manifested in the two conspicuous fiber bundles in the diencephalon, the stria medullaris and the fascicles retroflexus (Fig 6B) . The stria medullaris forms the afferent pathway to the habenula from the limbic forebrain, while the fascicles retroflexus forms the efferent pathway from the habenula to the midbrain (Herkenham and Nauta, 1977, 1979) .
Our immunohistochemistry with GABA antibody revealed a high density of GABAergic terminals in the medial habenula (Fig 6Ca, b) . These terminals surrounded the somata and were also scattered in areas between the somata possibly synapsing onto the dendrites (Fig 6Cc) . In contrast, we did not observe any cell body immunostained, suggesting that the GABAergic terminals originate from outside the medial habenula.
Our staining with GABA B R antibody revealed a strikingly high density of GABA B Rs in the medial habenula (Fig 6Da) . The expression-density was much higher than that in any other brain areas including the lateral habenula, thalamus, hippocampus, and cerebral cortex. On the subcellular level, GABA B R immunolabels were observed outlining the somatic membrane of medial habenular cells and in the periphery of the cytoplasm (Fig 6Db, c) .
Our immunohistochemistry with antibody to the type II K + , Cl --cotransporter (KCC2), the most abundant isoform of KCC in the mammalian brain, revealed the lack of its expression in the medial habenula (Fig 6E) . The KCC2 is known to extrude Cl -and function to maintain Cl -concentration low in the cytoplasm of neurons (Rivera et al, 1999 (Rivera et al, , 2004 Woodin et al 2003 , Fiumelli et al, 2005 .
Discussion
Our study demonstrated that GABAergic synapses in the medial habenula at postnatal days 18-25 generate a dual synaptic response of fast excitation and slow inhibition through GABA A and GABA B Rs, respectively.
1. GABA A excitation.
In contrast to the typical production of fast inhibition in numerous brain areas, our study showed that GABA A Rs in the medial habenula generate a fast excitation of postsynaptic cells. This GABAergic excitation is produced in the entire subthreshold voltage range and capable of triggering robust action potentials (Figs 1, 2) . The GABAergic excitation results from the GABA A reversal potential that is more positive than spike threshold (Fig 3) . In consequence, synaptic activation of GABA A Rs produces an inward current that depolarizes the membrane past spike threshold toward the GABA A reversal potential, thus triggering action potentials. This depolarized GABA A reversal potential appears to be generated, at least in part, by intracellular Cl -homeostasis, based on two observations. First, the block of NKCC resulted in a hyperpolarizing shift of the GABA A reversal potential (Fig 3B) , suggesting that Cl potential; in contrast, activation of GABA A Rs in the somatodendritic membrane of these cells generated the typical IPSP. In these cells, the expression density of KCC2 in the membrane of the axon initial segment is much lower than that in the somatodendritic membrane. But, the GABA A reversal potential was not measured in this study and it remains to be seen whether the low-density expression of KCC2 indeed underlies the GABA A excitation in the axon initial segment by virtue of the formation of the GABA A reversal potential more positive than spike threshold. In addition, the GABA A excitation in the axon initial segment was not countervailed by GABA B slow inhibition.
The GABA A excitation in the medial habenula is different from that shown in mature hippocampal pyramidal cells (Michelson and Wong, 1991; Staley et al, 1995) . In these cells, tetanic stimulation of GABAergic synapses produces a biphasic sequence of fast hyperpolarization and depolarization mediated solely by GABA A Rs. The early hyperpolarizing response is mediated by the typical Cl response. In contrast, the GABA A excitation in the medial habenula is not preceded by the fast hyperpolarization and does not require tetanic stimulation of GABAergic input. In fact, this GABA A excitation can be generated in response to a single GABAergic input as indicated by the membrane depolarization and the action potential generation in response to the first GABAergic input in the train of stimulation ( Figures 1B, 2 and 4) .
One question that still remains is whether and, if so, how this GABAergic excitation in the medial habenula changes as the brain becomes fully mature beyond the juvenile postnatal days 18-25. We were not able to address this question because our gramicidin-perforated recording from habenular cells at postnatal days 35-60 was highly unstable as the membrane seal spontaneously ruptured at the very early stage of perforation.
2. GABA B inhibition in the medial habenula.
The GABA A excitation in the medial habenula is countervailed by the slow inhibition mediated by GABA B Rs. The relative strength of the GABA A excitation versus GABA B inhibition appears to vary widely among different cells. In those cells in which the GABA B inhibition was most prominent, the GABA B IPSP produced a large membrane hyperpolarization that prevented most of the GABA A EPSPs from triggering action potentials (Fig 4, 5) .
Such prominent activation of GABA B inhibition may result from the high-density of GABA B R expression in the medial habenula. Previous in situ hybridization studies revealed that the medial habenula is among the brain areas that express the highest density of GABA B R mRNAs (Jones et al, 1998; Kaupmann et al, 1998; Kuner et al, 1999) . Consistent with these studies, our GABAergic terminals. The affinity of GABA B Rs for GABA is known to be much higher than that of GABA A Rs (Sodickson and Bean, 1996) . Therefore, minimum release of GABA and its low concentration within the synaptic cleft below the affinity level of GABA A Rs may lead to a selective binding of GABA to GABA B Rs in the postsynaptic membrane, whereas increases in GABA release by increasing stimulus intensity result in GABA binding to both GABA A and GABA B Rs. It also cannot be ruled out that some GABAergic synapses in the medial habenula contain only GABA B Rs in the active zone of the postsynaptic membrane and our low strength stimulation activated only these synapses. It remains to be seen whether any of the above possibilities indeed underlies the selective activation of GABA B inhibition in the medial habenula. It is noteworthy that the selective activation of GABA B slow inhibition was reported previously in a few brain areas such as the ventral tegmental area, lateral amygdala nucleus, CA1 hippocampal pyramidal neurons, and layer V pyramidal neurons of somatosensroy cortex (Sugita et al 1992; Williams and Lacaille 1992; Benardo 1994; Nurse and Lacaille 1997) . In these areas, activation of local GABAergic interneurons often generated either the GABA A fast inhibition or GABA B slow inhibition alone in the postsynaptic cell, raising the possibility that synaptic inputs to GABA A -and GABA B Rs may originate from separate populations of interneurons in these areas.
In recent years, it has been indicated that the synaptic response mediated by GABA A and GABA B Rs can be regulated to a differential degree by intracellular signaling through various kinase systems (Dutar and Nicoll 1988a , Hahner et al 1991 , Kano et al 1992 , Nusser et al 1999 the medial habenula, would alter the relative size of the GABA A excitation versus GABA B slow inhibition, thus varying the scale of the GABAergic excitation under different neuromodulatory conditions. It is an interesting possibility that the difference in the relative strength of the GABA A excitation versus GABA B inhibition among different medial habenular cells in our study may be due, at least in part, to the difference in the basal activity of those kinase systems among these cells.
In conclusion, our study demonstrated that the GABAergic regulation of the cellular output can be more versatile than hitherto considered in the mature mammalian brain and produces a distinct temporal pattern of cell firing.
Payne JA. Functional characterization of the neuronal-specific K-Cl cotransporter: implication for antibody. The medial habenula, in particular its ventral half, shows the lack of KCC2 expression, as shown at a higher magnification in Eb. 216x228mm (300 x 300 DPI)
